Inaccuracies in Rotameters, caused by static charges, seem to be relatively common. Inaccuracies can be of a very serious order. Charges outside the tubes can be removed easily by antistatic spray. Charges inside the tube are very difficult to remove except by dismantling the apparatus or by the use of a radioactive pistol. Charges have been measured and are much larger than had been supposed and could cause an explosion if cyclopropane is being used. A possible mechanism for the occurrence of the internal charges has been investigated. The manufacturers are co-operating in the design of a tube in which these charges cannot occur.
During the past few years we have at intervals renewed our anaesthetic machines. The new machines have been of various makes and types, but with all these new machines we have had considerable trouble with sticking of the bobbins in the Rotameters*; that this caused the flowmeters to be markedly inaccurate was obvious, since the controls could be altered considerably without any change in the reading.
From the behaviour of the bobbins it seemed likely that the trouble was caused by electrostatic charges. These charges and the quite unacceptable inaccuracies caused by them have been investigated by Hagelsten and Larsen (1965a) , who concluded that the charges arose inside the glass tube, and did so because the bobbins touched the wall of the tube when moving up and down during the flow changes caused by intermittent positive pressure ventilation of the patient. Hagelsten and Larsen showed that bobbins could be made to stick very readily by rubbing the outside of the glass tubes of the Rotameter. They measured the charge produced and from it deduced the charge between the bobbin and the tube. They also described a method of eliminating charges on the inside of the tube by a radioactive "pistol" containing Caesium 137 (Hagelsten and Larsen, 1965b) . They pointed out that the trouble could be prevented entirely by making the tubes of a glass incorporating some electricallyconductive material. The manufacturers of the apparatus have not, however, carried out this suggestion, and, when approached about this by the author, said that they were aware that there was a * GEC-Elliott Process Instruments Ltd.
considerable problem in this respect with Rotameters in Canada and Sweden, but did not think that there was any significant trouble in this way in Britain.
In an attempt to find out the size of the problem in this country, a letter asking for information on this point was published in this journal (CluttonBrock, 1970) . The author received only five replies; two from Great Britain, one from Canada, one from India and one from Australia. However, in conversation with various anaesthetists about the country it became obvious that a great many of them were experiencing this trouble but had not had the time to write to the author on the subject.
The methods used by Hagelsten and Larsen to measure the size of the charges involved seemed to the author to be somewhat indirect and liable to error and, since the problem appeared to be getting worse, the whole matter seemed worthy of further investigation.
METHODS
It was decided first to measure the actual charge on the metal bobbin during sticking and also, since the author had entirely failed to detect any hesitation in the rotation of the bobbins during IPPV, to investigate other ways in which the bobbins might be electrically charged during the normal use of the anaesthetic machine.
The British Oxygen Company very kindly supplied the author with a Rotameter block in which there was a hole drilled and tapped over the centre of the oxygen flowmeter tube. The nozzle of a polystyrene syringe was threaded into this hole to give a very highly insulated pathway down which a probe could be passed to make contact with the bobbin. The probe consisted of a piece of 20 s.w.g. copper wire which was held in any desired position by a small piece of plasticine over the hole in the Rotameter block. It was checked that plasticine had an adequately high resistance. For making the measurements the probe was connected to a Keithley electrometer amplifier model 603, and the bobbin moved up to touch the probe by increasing the flow of oxygen. This electrometer has an input impedance in excess of 10 14 Q, but a maximum input of 1 volt. The voltage on the bobbins was greatly in excess of this, but a shunt capacitance of a size determined by trial and error was used across the input of the device; the resulting voltage could thus be made to be less than 1 volt by distribution of the charge from the bobbin to the larger capacitor.
If C, is the capacitance to earth of the Rotameter bobbin, Q the sum of the capacitances of the probe, the electrometer leads and the input to the instrument, and C 3 the shunt capacitor, and if V, is the voltage on this bobbin and V 2 the voltage reading on the electrometer, then V, / V 2 =(Q + C 2 + C 3 )/C 1 . The total energy J, in joules, however, is calculated by the following: J=i CV 2 , where C is in farads and V in volts. It will be seen from this that the total energy in the system C,+C 2 + C 3 is very much smaller than the energy originally concentrated in the bobbin (C,). Therefore the energy on the bobbin must be calculated from C, and V,. It is interesting to note that this energy lost in transfer from C x to Q + C., is lost either through resistance in the circuit and so in heat generated, or, if the resistance is very low, lost in actual electro-magnetic radiation. The voltages measured are, of course, in relation to earth and therefore may not give an accurate indication of the energy attracting the bobbin to the glass.
The capacitance of the bobbin (C,) was measured in situ in two ways: first, directly, using a Wayne Kerr bridge which gave a reading of approximately 1 pF (10 6 /xF). This value was confirmed by putting a known voltage on to the bobbin via the probe and then measuring the voltage on the bobbin by means of the electrometer and shunt capacitance. Suitable precautions had, of course, to be taken to make sure that only the voltage on the bobbin was being measured and not voltages on stray capacitances large in relation to the capacitance of the bobbin. The measurement obtained confirmed our previous reading of approximately \ pF.
The shunt capacitor used for most of the readings had a nominal value of 0.01 yuF, actually 10,312 pF. Since exact accuracy was neither possible nor necessary, this was taken to be 0.01 /xF. The total capacitance of leads, etc., and the input of the electrometer was 72 pF. This is very small in relation to the shunt capacitor, so V x /V2 was taken as equal to Q/C, or 10,000/1.
For some of the charges produced by rubbing the outside of the Rotameter tube, the voltages produced on the bobbin were so great as to necessitate a shunt capacitor of 0.1 pF. Here, therefore, the voltage on the bobbin was 100,000 times the reading on the electrometer.
Various Rotameter tubes and bobbins were used for the experiments, but oxygen was used as the driving gas in each case. Leaving the bobbin rotating freely in the stream of gas for some hours caused only a very small and insignificant charge on the bobbin. This charging of the bobbin occurred during the first few minutes and did not increase with time. The possibility of the charging of the bobbin being caused by ionization of the gas flowing past it was thus eliminated.
Readings were taken with the Rotameter bobbin at about the middle of the tube (1.5 l./min. for oxygen). In all cases oxygen was allowed to flow through the Rotameter for 15 minutes before any readings were taken. This would seem adequate to ensure dryness of the inside of the tube and the bobbin. The water content of compressed medical gases is negligible in this context. The tubes and bobbins used for the experiments were new and unused, and the tubes were all 9 inches in length.
RESULTS
It was strongly our impression that sticking of the bobbins occurred much more readily in the new machines with 9-inch Rotameters than in the older machines when the Rotameters were 6 inches long. Hagelsten and Larsen also had the impression that the fault occurred more often with new apparatus, but showed that this initial impression was faulty. We have not investigated the problem in the older machines with 6-inch Rotameter tubes, as this seemed an unprofitable exercise, but, since the bobbins used in the 6-inch tubes were lighter than those used in the 9-inch tubes, there would be a larger space between the tube and the bobbin and less likelihood of friction. There was also, in the older machines, a metal tube in the base of the Rotameter tube. The bobbin could thus shed some of its charge on to this when the gas was turned off. These considerations make it seem less likely that trouble would be encountered with these 6-inch Rotameters.
Initially we caused the bobbin to stick by rubbing the outside of the tube. A convenient material for doing this was the plastic packing from a disposable syringe, but it could even be done with a dry ringer. When the outside humidity was low it was even found possible to cause the bobbin to stick by rubbing the outside plastic window used for protection of the Rotameter tubes. An explosion caused by this has been described by Masson (1965) .
The voltage on the bobbin caused by not very vigorous rubbing of the outside of the tube was very large indeed and, as described above, necessitated a shunt capacitance of 0.1 /*F. A charge of 20,000 V on the bobbin could be produced without difficulty. The energy here is some 200 /^J. The energy required to ignite a stoichiometric mixture of oxygen and cyclopropane is 1 /J (Guest, Sikora and Lewis, 1953) so here the energy involved is more than adequate to cause an explosion. Mixing of oxygen and cyclopropane in the Rotameter block caused by intermittent back pressure during IPPV is more than a possibility, and some machines have a metal spring at the top of the tube. Raising the bobbin to touch this could cause a spark. The energy on the bobbin measured by Hagelsten and Larsen was only 0.01 /J. They used only just enough friction to cause the bobbin to stick, but we were anxious to find what sort of charges could easily be built up by someone doing a little misguided cleaning.
Charges produced by rubbing the outside of the Rotameter tubes or window can easily be prevented or removed by spraying with an antistatic spray such as Croxtine (British Oxygen Company Limited), but when the bobbins had been sticking during the normal use of the apparatus spraying the outside of the tubes did not solve the problem. The charges, therefore, existed between the bobbin and the inside of the tube, as suggested by the previous investigators. Any real evidence that IPPV caused the bobbin to touch the glass tube seemed to be lacking, so gentle shaking of the Rotameter block while the gas was flowing was tried. It was found that this could very rapidly cause the bobbin to stick. The shortest time with gentle shaking found necessary to cause the bobbin to cease to revolve was 30 sec.
For this measurement the tube and bobbin were cleared of all charges by passing moist air through the tube with the bobbin in place. Oxygen was then passed through the tube for 15 min and it was checked that there was no significant charge on the bobbin. When the bobbin just failed to revolve the charge was measured on the electrometer. This gave a reading of 400 V. This was checked by applying various voltages to the bobbin via the probe and it was found that 500 V was the minimum necessary to cause sticking. This minimum charge has an energy of 0.08 /J-], which is of the same order as the figure obtained by Hagelsten and Larsen (0.01 /*J).
Longer periods of shaking, however, were found to produce very much larger charges. Four minutes gentle shaking could easily produce a charge of 2,500 V on the bobbin with an energy of some 3 //J. This sort of charge is readily produced if the shaking is continued after the bobbin has ceased to rotate.
It is suggested, therefore, that a common cause of the charging of Rotameter bobbins, with a subsequent dangerously inaccurate reading, is moving the anaesthetic machine while in use. There may be large movements, such as are produced by wheeling the machine from the anaesthetic room to the operating theatre, or quite gentle movements of the apparatus caused by handling. For example, an anaesthetic machine was rocked gently for a few moments to give a partial charge on the bobbins and then it was found that writing for 45 sec on paper on the anaesthetic machine caused sufficient movement to stop a previously rotating bobbin. If a ventilator is used on the machine, this may cause some shaking of the Rotameters.
The problem then arises as to whether these charges may be added to from day to day, or whether the charges on the glass and the bobbin will disappear naturally in only a few hours. Hagelsten and Larsen suggest that natural radiation will remove the charges in 4-8 hours. This was investigated by applying a known voltage on to a bobbin and leaving a very small low flow of oxygen present to keep the system dry and prevent discharge through the naturally humid air. 3,000 V applied to the bobbin had fallen to 870 V 3 days later. In a second experiment immediately after this, a charge of 2,250 V fell to 2,200 V 23 hours later.
The speed with which the humid air of the operating theatre will remove the charges on the flowmeter, will depend very largely on the length of the path between the flowmeter and the outside air. With some modern apparatus incorporating a Cardiff swivel, for example, the path maybe very long and natural discharge may not occur, to an adequate degree, between the periods of use of the machine. Thus a charge may build up from day to day.
It was not sure whether the anodizing on the bobbin played any part in the charging, so a bobbin was treated chemically to remove all anodizing. The same results were obtained with this bobbin as with a normal anodized bobbin.
The inaccuracies caused by electrostatic charges causing the bobbin to stick were found to be very variable and, as might be expected, dependent on the size of the charge present. In one case, where this charge was caused by gentle shaking of the flowmeter for 4 min, the flow, as measured by a second Rotameter in series with the one being investigated, was lowered slowly from 1.5 l./min to 100 ml/min before the bobbin started to fall.
In no case could any inaccuracy of the Rotameter be detected by a charge insufficient to cause the Rotameter to stop rotating.
One strange phenomenon observed was that the polarity of the charges on the bobbin, caused by friction with the glass wall of the flowmeter, was not always in the same direction in relation to earth. It seemed here that the explanation was that inside some of the tubes a high positive voltage had been built up. If a bobbin was put into this tube it would temporarily accept a positive charge and give a positive reading. If, however, friction was continued the charge on the bobbin always became negative in the end.
It might well seem that the solution to the problem would be to coat the inside of the tube with a thin film of Croxtine. This was tried, but the effect lasted only 3-4 weeks and the anaesthetic machines are serviced every 3 months. This would, therefore, necessitate special servicing arrangements. It is distinctly dangerous for unskilled persons to dismantle and reassemble flowmeters since, for example, if there is a leak associated with the oxygen flowmeter, oxygen may escape and nearly pure nitrous oxide reach the patient. It would seem that a more permanent cure should be sought. A thin film of stannic oxide will make the surface of glass electrically conductive and this film will not be removed by ordinary cleaning methods. This is a standard commercial technique, but the flowmeter tubes must be coated both inside and outside as the charges may occur in either of these situations. The Chemistry Department of the University of Bristol very kindly coated the inside of a Rotameter tube with a thin film of stannic oxide, and with this no charges could be built up between the bobbin and the inside of the tube.
As a possible temporary measure a small piece of thin-walled stainless steel tubing was placed at the bottom of a Rotameter tube, so that its bottom end rested on the sintered bronze filter beneath the tube. A small phosphor bronze spring was also placed between the filter and the Rotameter block, since the filter is normally insulated in a synthetic rubber seating.
With this it was found that the bobbin could be discharged by turning off the flow of gas, but became charged again when raised to its original position. However, if this was done some six times most of the charge from the system was removed. This might be a temporary cure of the fault. Connection is made through anodized aluminium and the resistance of this was measured and found to be in the order of 10 11 Q. Since the bobbin has a capacitance of 1 pF, the time-constant of the discharge is only 0.1 sec. However the bobbin should be left touching the small steel tube for a few seconds to allow all the charge to leak away.
DISCUSSION
It seems that inaccuracies in Rotameters caused by electrostatic charges are more prevalent than had been realized. Very often altering the flow of gas when the bobbin is sticking may distribute the charge from the bobbin over a larger area of the inside of the glass tube, thus temporarily releasing the bobbin. It seems possible that anaesthetists do not always realize the degree of inaccuracy that may be present when the bobbin of a Rotameter is not rotating. This inaccuracy may be very large indeed and could lead to a patient becoming severely anoxic on the one hand, or returning to consciousness on the other, without the anaesthetist realizing that the percentage of gases from the anaesthetic machine had changed very greatly, since there was no change in the height of the bobbin. However, we have found no evidence of any inaccuracy caused by electrostatic charges provided that the bobbin continues to rotate in a normal manner. The first sign of inaccuracy is often that the bobbin moves up and down in an irregular manner. The charge may then increase and the flowmeter become quite unreliable.
Charges causing inaccuracies can be produced by movements, great or small, of the anaesthetic machine when in use. These charges may build up slowly over a period of days.
Since this work was done, the manufacturers of Rotameters have been taking serious steps to make impossible inaccuracies caused by static charges. The author is now engaged in testing some tubes modified for this purpose.
Hagelsten and Larsen suggest the use of a radioactive pistol for removing the charges on Rotameters. We feel that this could be a further source of radiation if misused and should not be necessary.
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STATISCHE ELEKTRIZITAT UND ROTAMETER

ZUSAMMENFASSUNG
Durch statische Entladungen hervorgerufene Ungenauigkeiten scheinen bei Rotametern ziemlich haufig aufzutreten. Die Ungenauigkeiten konnen ein sehr ernstes Ausmass haben. Die Entladungen ausserhalb der Zufuhrungen lassen sich leicht durch ein antistatisch wirkendes Spray verhindern. Entladungen innerhalb der Zufuhrung sind nur sehr schwer abzustellen, dazu muss der Apparat unter Verwendung einer radioaktiven Pistole auseinandergenommen werden. Die Entladungen wurden gemessen und sind wesentlich grosser, als man angenommen hat, und konnten bei der Verwendung von Zyklopropan eine Explosion auslosen. Die moglichen Ursachen fur das Auftreten der inneren Entladungen wurden untersucht. Die Hersteller haben ihre Unterstiitzung bei der Entwicklung einer Zuleitung zugesichert, bei der diese Entladungen nicht auftreten konnen.
ELECTRICIDAD ESTATICA Y ROTAMETROS
RESUMEN
Las inexactitudes en los rotametros causadas por cambios estaticos parecen ser relativamente frecuentes. Estas inexactitudes pueden ser de un orden muy elevado. Las cargas por fuera de los tubos pueden ser separadas facilmente mediante una pulverizaci6n antiestatica. Las cargas dentro de los tubos son mds dificiles de separar, excepto desarmando el aparato o por el uso de una pistola radiactiva. Las cargas han sido medidas, siendo mucho mayores de lo que se habia supuesto y pudieran causar una explosion si se usara ciclopropano. Ha sido investigado un posible mecanismo para la ocurrencia de cargas internas. Los fabricantes estan colaborando para disefiar un tubo en el cual no ocurran estas cargas.
